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Abstract. We investigate how long-range scalar interactions affect the properties of dark mat-
ter haloes. For doing so we employ the ReBEL model which implements an additional interaction
between dark matter particles. On the phenomenological level this is equivalent to a modification
of gravity. We analyse the differences between five ReBEL models and ΛCDM using a series of
high resolution cosmological simulations. Emphasis is placed on investigating how halo properties
change in the presence of a fifth force. We report that the density profile of ReBEL haloes is well
described by the NFW profile but with mean concentrations from 5% to a few times higher than the
standard ΛCDM value. We also find a slight increase of the halo spin for haloes more massive than
5× 1011 h−1M, reflecting a higher rotational support of those haloes due to scalar forces. In addi-
tion, the dark matter haloes in our models are more spherical than their counterparts in ΛCDM. The
ReBEL haloes are also more virialised, with a large difference from ΛCDM for strong fifth forces
and a much smaller change for weak scalar interactions.
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1 Introduction
The ΛCDM model has proven capable of explaining a tremendous amount of observational data. In
the era of precision cosmology, from both an observational and modelling perspective, we are left
with a more and more detailed picture of the evolution of the universe. This precisely measured
history can be used to impose constraints not only on the cosmological parameters (e.g. [1–4]) but
also on the nature of dark matter (DM) [5–10].
The strong relationship between DM characteristics and the emerging large scale structure
(LSS) has been investigated in detail (e.g. [11–19]). Most of the attention has focused on large
scale linear structures and on the properties of highly non-linear small-scale objects like haloes and
galaxies. There still remains a considerable amount of unanswered questions with respect to the
physical nature of DM. Due to the great difficulties involved in the direct detection of DM parti-
cles in Earth-based experiments, astrophysical observations still form the most important source of
information on the nature and properties of DM particles.
The currently established ΛCDM paradigm has some still unsolved problems whose solutions
may reveal additional details about DM. On galaxy scales, these answered questions involve the pre-
cise quantitative understanding of galaxies rotation, the central cusp of DM haloes and explaining
the observed rich population of thin disk dominated spiral galaxies that contrasts the ΛCDM high
merger and accretion rate at low redshifts (for an excellent discussion refer to [20, 21]). On Mega-
parsec scales, the most interesting and well known problem involves the void phenomenon, strongly
emphasised by Peebles in [22]. It concerns the apparent discrepancy between the number of observed
dwarf halos in voids and that expected from ΛCDM simulations.
While there are clear discrepancies between observations and the predictions of ΛCDM cos-
mological simulations, there is not a clear consensus if these problems are due to our inability to
simulate the universe in enough details or because of yet unknown physics present in the dark sector.
This motivated us to investigate the effects of additional DM physics on formation and evolution of
structures in the cosmos. Studies of exotic new physics in the DM sector are also important from a
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high-energy physics point of view. The results of modified DM models when compared with cur-
rent cosmological observations can be used to impose constraints and narrow down the possible DM
candidates.
One of such possible CDM paradigm modifications, formulated on the grounds of super-
symmetry and string theory, has been proposed and developed by Gubser, Peebles and Farrar [23–
26]. It consists of cold DM that, in addition to gravity, interacts by exchange of scalar particles.
This model, dubbed ReBEL (daRk Breaking Equivalence principLe), has shown the potential to
solve some of the galaxy formation and evolution problems discussed above. The difference between
ReBEL and the standard CDM model consists in the additional interaction between DM particles,
a so-called “fifth force”, which acts exclusively on DM and has a limited range. Studies employing
N-body simulations of the ReBEL model [20, 27–32] and similar models of coupled DM and dark
energy (DE) [33–35] have shown that this class of models reproduces the observed large scale struc-
ture of the universe (e.g. the 1D power spectrum of the Ly-α forest galaxies or the power spectrum
from the SDSS galaxy survey1). At the same time, it was shown that the ReBEL model introduces
new effects, potentially positive, to the process of structure formation on galactic scales.
The recent years have seen several works that studied the effects of modified DM and DE
models [36–47]. These have been motivated by recent observations posing even more challenges
to the standard ΛCDM cosmology. Some of the new puzzles include an observed offset between
baryonic and DM in clusters [48] and reports on very massive superclusters seen at high redshifts
[49–51]. These have important constraints and implications for both ΛCDM and modified DM and
DE theories [52–54]. The new observations have made the nature and properties of DM and DE a
hotly discussed and debated topic.
In this paper we study the impact of the ReBEL model and its form of modified gravity on
the internal properties of DM haloes. We do so by performing a suite of N-body simulations using
ReBEL DM physics that we compare with the results of the standard ΛCDM cosmology. This work
comes into the international and multidisciplinary collective effort taken to further understand and
study the nature of DM and its implication for cosmology.
This paper starts with the theoretical formulation and the physics of the ReBEL model which are
presented in section 2. This is followed by section 3 where we describe the numerical experiments
that we performed to study the formation and evolution of DM haloes. The DM halo comparison
is presented in section 4. Finally we end with section 5 where we give our conclusions and final
remarks.
2 Scalar-interacting DM: the ReBEL model
In this section we will briefly present, using [23, 24, 27] as reference, the fundamental ideas and
properties of the ReBEL model discussed in this paper.
We consider a picture in which there exist an additional long-range force - different than gravity
- that acts only on DM particles. Such a force arises due to the interactions between DM particles and
some underlying background scalar field φ. Such an interaction can be expressed formally as:
S = −
∫
|φ|ds , or (2.1)
S =
∫ √−gd4x(iψ¯γ∂ψ − φψ¯ψ) . (2.2)
1Sloan Digital Sky Survey - http://www.sdss.org/
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The idea of long-range interactions appearing due to exchange of massless scalar particles has
a very long history. Nordstro¨m derived the classical form of Eq. (2.1) in 1913 [55]. This interaction
is equivalent, in the limit of small de Broigle lengths, to the form given in Eq. (2.2) which was
introduced by Yukawa [56].
Within the framework of quantum field theory there are arguments stating that it is very unlikely
for any scalar field to escape from obtaining a large mass ( H0), which would make any model
with a scalar field particularly useless for cosmology. However, additional work on the grounds of
the string theory suggest that there is a possibility for a scalar field to maintain low mass.
In the beginning of the second half of the 20th century Pascual Jordan and Robert Dicke pre-
sented a few papers exploring the physics of the scalar-tensor gravity implementing above action
integral defined for particles in the Einstein frame[57–59].
In 1990 Damour et al.[60] noticed that the tight empirical constraints that we have for long-
range scalar interactions in the baryon sector allow for existence of such interaction with significant
strength in the dark sector. Modern considerations along this line of thought appear abundantly in the
literature of this subject [61–73].
We now focus on the model described in detail by Gubser and Peebels in [23, 24]. Let us
consider at least two different species of DM particles which interact, in addition to gravity, by a
scalar field. This additional interaction is dynamically screened by the presence of light particles
coupled by a Yukawa-like factor to the scalar field. The generic Lagrangian for such a scenario is
given by:
L = 12(∂φ)2 + Ψ¯si /∇Ψs + Ψ¯+i /∇Ψ+ (2.3)
+ Ψ¯−i /∇Ψ− − ysφΨ¯sΨs − (m+ + y+φ)Ψ¯+Ψ+ − (m− − y−φ)Ψ¯−Ψ− ,
where /∇ is the operator in Feynman slashed notation:
/A ≡ γµAµ . (2.4)
Here γµ are Dirac’s gamma matrices and the equation is written using the Einstein summation con-
vention. The constants m± and y± are both positive. The fermions Ψ± are non-relativistic DM while
the additional species of light particles Ψs consist of the screening particles.
The action for the two particle species takes the form:
S =
∫ √−gd4xφ,iφ,i/2− ∑
particles
∫
[m+(φ)ds+ +m−(φ)ds−] , (2.5)
where the symbol , i denotes a partial derivative. The DM particles carry effective scalar charges Q:
Q+ ≡ dm+dφ < 0, Q− ≡
dm−
dφ
> 0,
d2m±
d2φ
≥ 0 , (2.6)
which in general are conserved for non-relativistic phenomena2. The field φ will undergo quasistatic
relaxation towards equilibrium, yielding larger values in the regions where the (+) particles dominate
and smaller values in aggregations of the (-) particles. Thus, a particle with positive (+) charge will
be attracted towards regions with large φ values because it has a lower energy m+(φ). Similarly
negatively charged particle (-) will be attracted to the regions with small φ values. This behaviour
implies that particles with the same charge attract each other while particles of different kinds repel.
2In general the scalar charges are not conserved for interactions at relativistic energies. Additionally, the scalar charge
of DM trapped in a black holes is lost.
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This basic scenario is similar to the so-called multi-coupled dark energy models (see e.g. [74–
77]). However, in this study we investigate the most basic and simple model of the ReBEL cosmology,
in which there is only one heavy species of scalar particles acting effectively as DM. The basic scheme
that we assume admits for a relatively simple numerical implementation, that, at the same time, allows
us to study a model that can be understood as a generic fifth-force model. In this context, our simplest
ReBEL scenario is more generic than the phenomenologically rich multi-coupled dark energy models.
Hence further we assume that there are two species of the DM particles which satisfy:
mDM = m− yφ, ms = ysφ, and yn¯ < ysn¯s (2.7)
where mDM is the mass of heavy particle species (effectively the mass of a DM particle), ms labels
the mass of the screening particles, and n¯ & n¯s are the corresponding number densities of this parti-
cles. The scalar field φ has relaxed to quasistatic equilibrium, for which ms ∼ 0. Thus, the screening
particles are relativistic and generate the potential:
Vs =
∑
particles
∫
ysφds '
∫
d4rysφns〈
√
1− v2〉 . (2.8)
This implies that:
δVs
δφ
= ysns〈
√
1− v2〉 ' y
2
s n¯s
εs
φ, with: εs =
ysφ√
1− v2 . (2.9)
Where the εs labels the averaged energy of a screening particle and 〈
√
1− v2〉 is the mean velocity
of the screening particles (when c = 1). The equation for the scalar field now takes the form:
∇2φ = φy
2
s n¯s
εs
− yn(r, t) . (2.10)
The above equation is consistent with an effective damping of the scalar field φ by the term:
rs =
√
εs
y2s n¯s
[Mpc] (2.11)
which we call the screening length3. Making use of the rs definition, we rewrite the scalar field
equation as:
∇2φ = φ
r2s
− yn(r, t) . (2.12)
Let us analyse this last equation in more detail. The last term describes the non-relativistic particles
in a hydrodynamic approximation. The term φ/r2s appears here [25], because the source term of the φ
field for a particle with velocity v contains factor ds/dt =
√
1− v2 and for quasistatic configurations
of the φ the energy of the screening particles εs (see Eq. (2.9)) is nearly independent of their location.
Elimination of the
√
1− v2 in favor of εs leads to the equation for the screening length (2.11). The
εs energy does not depend on time since it is constant, thus due to the expansion of the Universe it
has to scale like εs ∝ a(t)−1. Taking into account that ns ∼ a(t)−3, we conclude that the screening
length grows like rs ∼ a(t). Hence it is a constant in comoving coordinates.
3This term is equivalent to the cut-off length in a Yukawa-like potential
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At small distances (r  rs) the scalar field generated by a single DM particle has the value
φ = y/4pir. Taking into account that the force exerted by this field on another DM particle equals to
the negative gradient of the mass m− yφ, we obtain:
Fs = y∇φ . (2.13)
Which clearly shows that two DM particles are attracted by the scalar interaction:
F =
y2
4pir2
for r  rs . (2.14)
Two DM particles also interact gravitationally. This leads us to define the β parameter which is the
ratio of the scalar to gravitational force strength between two identical DM particles. This parameter
is given by:
β =
y2
4piGm2
for r  rs . (2.15)
Setting β ∼ O(1) gives us scalar interactions which have a magnitude comparable to that of gravity.
For distances much larger than the screening length this scalar interactions fade away to zero. Hence
the formula for the total force exerted on two DM particles can be splitted into two limiting cases:
FDM = (1 + β)FN for r  rs , (2.16)
FDM = FN for r  rs . (2.17)
To summarise, we are dealing with a model of DM which, in addition to gravity, interacts by means
of a scalar field. The model introduces two free parameters β and rs, which are sufficient for a full
phenomenological description.
2.1 The phenomenological model and modified gravity
Following the earlier work of [27, 28], we study the ReBEL model using its phenomenological
parametrisation. In this approach we model the scalar interactions appearing in the dark sector as
effectively modified gravity. This is clear when we write the modified potential between two DM
particles as:
Φ(r) = −Gm
r
h(r) = ΦN h(r) (2.18)
with
h(r) = 1 + βe−r/rs . (2.19)
Here G is the Newton gravitational constant, r marks the separation vector between particles and ΦN
is the pure Newtonian potential. As we have shown in the previous section, our model is described
by two parameters: β - the dimensionless factor measuring the ratio between scalar and gravitational
forces and rs - the screening length expressed in Mpc. Elementary considerations from string theory
[23, 24, 27] give crude estimations for the values of the parameters as:
β ∼ O(1) , rs ∼ 1Mpc . (2.20)
The potential given in Eq. (2.18) gives rise to a modified force-law between two DM particles:
FDM = −Gm
2
r2
[
1 + β(1 +
r
rs
)e
−r
rs
]
= FN · Fs(β, γ) , (2.21)
where: γ ≡ r
rs
, Fs(β, γ) = 1 + β(1 + γ)e
−γ . (2.22)
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Figure 1. Growth of the Fourier modes of density perturbations in the linear regime during the matter domi-
nated era as predicted by Eq. (2.25). Solid black line depicts the ΛCDM model with δk ∝ t2/3 for all values of
k. Solid, dotted and dashed red lines mark the growth of density perturbations in the ReBEL model for β = 1
and at three different values of rs · k. Both axes have arbitrary units.
Where the Fs term measures the force deviations from the usual Newtonian gravity and FN marks
the Newtonian force. We call Fs the ReBEL factor. For β = 0 or γ  1 we will get Fs → 1, hence
FDM → FN and we recover the standard Newton force law.
Equations (2.18)-(2.22) yield a simple phenomenological description of the ReBEL addition to
the CDM model.
2.2 The growth of structures in the ReBEL model
Now that we defined a phenomenological approximation to the ReBEL DM physics (Eqs. 2.18-
2.21), we can analyse how the presence of the scalar interactions affects structure formation. In
doing so we limit ourselves to the matter dominated epoch since that period is especially important
for galaxy formation and evolution. We use linear perturbation theory to study the growth of density
perturbations in the regime δ <∼ 1. Because the ReBEL model changes the dynamics of DM only on
scales small compared to the Hubble scale, ReBEL does not affect the global evolution of the scale
factor described by the Friedman equations. Due to the modified force law given by Eq. (2.21), the
Poisson equation for the DM component of the ReBEL model reads:
~∇× Φ = 0 , ∇2~rΦ = 4piGρ
(
1 + βe−|~r|/rs
)
(2.23)
To better understand the effects of the modified force, we linearise this equation together with the
Euler and continuity equations in the limit of small perturbations in δ, vp and φ (the density, peculiar
velocity and gravitational potential perturbations around a smooth background) [78]. The evolution
of the density perturbation for the matter-dominated epoch, which is well described by the Einstein-de
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Sitter universe with Ω = 1, is given by:
δ¨k +
4
3t
δ˙k =
2
3t2
[
1 +
β
1 + (krs)−2
]
δk (2.24)
which, for convenience, we write in Fourier space. The growing mode solution for this equation is
[27]
δk ∝ tα , α = 1
6
√
25 +
24β
1 + (krs)−2
− 1
6
. (2.25)
For krs  1 we get α = 2/3, thus Fourier modes with k  r−1s grow exactly in the same manner like
in the standard ΛCDM model. On the other hand perturbations on scales smaller than characteristic
screening length (k >∼ r−1s ) grow faster than in the standard model. For example in the particular case
with β = 1 and krs  1 we have δk ∝ t. A comparison of the time evolution of Fourier density
modes between ΛCDM and ReBEL is shown in Figure 1. The figure gives the growth of density
fluctuations δk in a ReBEL β = 1 model for three modes satisfying krs = 10, 1 and 0.1. The figure
shows that structure formation is enhanced and accelerated in ReBEL compared to the ΛCDM case
on scales <∼ rs. Moreover, different Fourier modes experience different time evolution, from δk ∝ t
for krs  1 to δk ∝ t2/3 for krs  1. Faster growth of the small-scale density ! perturbations in
ReBEL make these modes to cross into non-linear regime (δ  1) quicker, which should result in
earlier DM haloes formation and virialisation. This was already shown to some extent in [20, 30].
3 N-body simulations
Table 1. The parameters describing our N-body simulations. The β and rs [h−1 kpc] depict the values of the
ReBEL model free parameters used in a given simulation run, L [h−1 Mpc] is the box size, zic is the redshift
of the initial conditions, Ωm and ΩΛ are the dimensionless DM and DE density parameters (at z = 0), σ8 is
the r.m.s. of the density fluctuations smoothed on R = 8h−1 Mpc, h is the dimensionless Hubble parameter,
mp is the mass of a single DM particle in units of 108h−1M, ε [h−1 kpc] is the force resolution, l [h−1 kpc]
labels the mean inter-particle separation and Np gives the total number of DM particles.
Simulation β rs L zi Ωm ΩΛ σ8 h mp ε l Np
LCDM - - 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
B005RS500 0.05 500 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
B01RS500 0.1 500 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
B05RS500 0.5 500 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
B05RS1000 0.5 1000 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
B1RS1000 1.0 1000 32 1100 0.3 0.7 0.8 0.7 0.203 6 62.5 5123
As mentioned earlier, string theory considerations provide a crude estimate for the values of
the two free parameters: β ∼ 1 and rs ∼ 1h−1 Mpc [27, 28]. According to this, in this paper we
explore four possible values of the β = 0.05, 0.1, 0.5&1.0 and two values of the screening length pa-
rameter rs = 0.5&1h−1 Mpc. We label the corresponding simulations runs as LCDM, B005RS500,
B01RS500, B05RS500, B05RS1000, B1RS1000, where B stands for β and RS marks the rs param-
eter. The LCDM run is the one with β = 0 (i.e. no scalar forces) and corresponds to the standard
cosmological model ΛCDM .
All simulations were started with the same initial conditions at zic = 1100. We need to adopt
such a high starting redshift, since, in general, the scalar forces in our scenario start acting on DM
shortly after recombination. This set-up allows for a proper treatment of any non-linearities that may
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arise in early Universe due to scalar forces. Earlier ReBEL studies have usually assumed β ≥ 0.5,
neglecting that scalar forces arise already in the early universe. Therefore, one should understand the
previous results of [27–30, 32] in a purely phenomenological way, where the value of the β parameter
describes just a toy-model approximation to the ReBEL picture. Allowing the scalar forces to start
acting at very high redshift (e.g. z ≈ 1100) produces more pronounced effects at z = 0. By studying
these effects we found that models with with β ≥ 0.5 and rs ≥ 500h−1 kpc values produce cosmic
density fields characterised by a higher σ8(z = 0) value than the fiducial ΛCDM run. For example,
the B1RS1000 model has a σ8 value 10% higher than the ΛCDM cosmology. The higher variance
of the density field, and the value of the σ8 parameter in particular, is the direct outcome of the fifth-
force that enhances DM clustering. This effect was already shown and studied for the ReBEL model
[28, 32] as well as for other modified gravity models (e.g. [47, 79].)
To follow the formation of structures within the ReBEL framework we used an adapted version
of the GADGET2 code [80]. For the detailed descriptions of the modifications made to the code we
refer the reader to our previous paper on this subject [28]. We conducted a series of high-resolutions
DM only N -body simulations containing 5123 particles within a periodic box of 32h−1 Mpc comov-
ing side length. We used the canonical ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, σ8 = 0.8 and
h = 0.7. Our simulation had a mp ' 2.033× 107h−1M mass resolution and used a ε = 6h−1 kpc
force softening parameter. In this study we limit our analysis to the z = 0 epoch, leaving the time
evolution of the ReBEL models as potential future work. Furthermore, the choice of a small simula-
tion box size is motivated by our choice to have very high mass and force resolutions. This is done at
the expense of a statistically relevant number of high-mass objects. However, in this work we want to
emphasize the fifth-force effects induced on galaxy and dwarf sized DM haloes. Hence, we tailored
our simulations for that purpose, leaving the high-mass and large-scale studies for future studies. The
parameters of our simulations are summarised in Table 1.
Before going further, we would like to make some remarks concerning our numerical setup.
When choosing such a high initial redshift for our simulations, we must be careful as this can be
connected with additional unwanted effects. The problems are two-fold: (i) First, at such a high
redshift the density fluctuations have very small amplitudes and therefore the N-body representation
of the continuous density field is more prone to shot-noise effects related to the discrete nature of
N-body particles. However, we checked that the initial as well as intermediate times power spectra
against shot-noise effects and found that the density perturbations are represented faithfully down to
the Nyquist limit (kNyq ∼ 50h/Mpc) of our simulations. (ii) Secondly, as the GADGET2 code uses
a finite-difference scheme for force interpolation, small particle accelerations at early times are prone
to a larger relative error in force estimation. It can affect our results if the relative error is much larger
for the ReBEL runs than in the LCDM case. To overcome this, we adapt a modified cell-opening
criterion for the ReBEL runs, such that the relative error in the sum of the gravitational and fifth forces
is consistent with the original (i.e. Newtonian) relative error of the acceleration. This modifications
is similar to the setup developed by Keselman et al.[20], for a detailed discussion we refer the reader
to the appendix of [20]. Moreover, we employ a fine mesh size (lcell = 31.25h−1 kpc) for the PM
part of the gravitational force calculation of GADGET2 that is much smaller than the characteristic
screening length lcell  rs. Thanks to this, the relative error in the estimation of the gravitational and
fifth forces differs by an insignificant amount from the usual Newtonian error (see Eqn. A2 in [20]).
We used the MPI+OpenMP hybrid AMIGA halo finder (AHF), which is the successor of the
MHF halo finder [81], to identify haloes and subhaloes in our simulation4. For a detailed description
of AHF see the code paper [82]. We identify haloes using R200 as halo edge. This radius is defined,
4AHF is freely available from http://popia.ft.uam.es/AMIGA
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as the distance at which the overdensity within a sphere centred at the halo centre satisfy:
ρ(r200) ∼ 200 · ρcrit , (3.1)
where ρcrit is the critical density for a flat Universe. We take the R200 and M200 values as the
virial radius and mass of a halo. It is important to note that we needed to adjust the code to take into
account the fifth force of the ReBEL models. We have modified the unbinding procedure for removing
the gravitationally unbounded particles by using the modified potential laws of the ReBEL model.
Moreover we also changed the halo circular velocity equation. We need to take into account that DM
particles, due to the additional scalar force, have higher potential energies in ReBEL compared to
ΛCDM . The proper circular velocity equation at distance R200 in the ReBEL DM haloes has the
following form:
V ReBELc =
[
GM200
R200
·
(
1 + β(1 +R200/rs)e
−R200/rs
)]1/2
=
= Vc · (Fs(β,R200/rs))1/2 , (3.2)
where M200 is DM mass inside R200, Vc is the circular velocity for pure Newtonian dynamics and
Fs is the ReBEL force factor given in Eq. (2.22). This expression can be found by noting that on a
circular orbit the centripetal force acting on a DM particle has an additional component coming from
the scalar interactions.
Throughout this paper we limit our analysis, if not explicitly stated otherwise, to DM haloes that
contain at least 100 DM particles. Thus we set our minimal halo mass toMmin = 2.03×109h−1M.
3.1 The effects of baryons
The simulations used in this paper contain only a collisionless component. In other words, our ap-
proach treats baryons as part of dark matter component, since the only baryonic effects that we
consider are those incorporated in the initial transfer function (the BAO wiggles). Obviously, such
an approach is a severe simplification of the real universe since it is well known that hydrodynamical
and gas effects play a crucial role in galaxy formation [83–85]. At the same time, the presence of a
baryonic component affects the DM distribution, with crucial effects especially in the inner parts of
haloes [86–88]. This interplay between baryons and DM is further complicated in the ReBEL sce-
nario due to the breaking of the weak equivalence principle. As this effect by itself is very interesting
and leads to a more complicated picture (see e.g. [89, 90]), we choose to focus only on the net effects
induced by the fifth-force approximation on the DM distribution. We do so because the plethora of
complicated baryonic feedback processes (including effects such as radiative cooling, reionisation,
supernova and AGN feedbacks) would be very hard to disentangle from effects induced purely by
the modified gravity. In fact, Puchwein et al. [91] showed that in some class of fifth force models,
baryonic feedback processes can have opposite effects compared to the fifth force ones. Moreover, a
proper modelling of galaxy-scale baryonic processes depends on a suitable choice and tuning of sub-
grid physics parameters. Therefore, being fully aware of the limitation of our approach we decided
to leave at a side the baryonic component for this current study.
4 Results: Statistical properties of the halo populations
In the subsequent analysis we focus on characterises how the presence of the long-range scalar inter-
actions affect the whole population of DM haloes. In doing so we compare the differences between
the fiducial ΛCDM cosmology and the ReBEL models on the basis of changes in the distribution and
statistical means of halo properties like density profile, spin and halo shape.
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Figure 2. The spherically averaged density profiles for the 10 Most Massive Haloes of the ΛCDM and
ReBEL runs.
4.1 Density profiles
Our phenomenological ReBEL models effectively change the strength of gravity on scales r ≤ rs,
thus we expect to see changes in the internal structure of DM haloes. One way to quantify these
changes is via the halo density profile. To get good statistics and eliminate the halo to halo vari-
ation, we compare the density profiles obtained from averaging over the 10 Most Massive Haloes
(MMH10) found in each of our simulations. These haloes have masses in range 1013Mh−1 <
M200 <∼ 1014Mh−1. We focus only on the most massive haloes since they have virial radii larger
than ≈ 400h−1 kpc. In the B005RS500, B01RS500 and B05RS500 models the size of these mas-
sive haloes is comparable to the screening length of the fifth force, whereas for B05RS1000 and
B1RS1000 the screening length is larger than the virial radii. Hence we suspect that any signifi-
cant deviations in the density profiles due to the ReBEL model should be imprinted in these massive
haloes. The averaged density profiles for all the runs are shown in Figure 2. We find that in the inner
parts of the MMH10 (r < 0.1R200) the ReBEL haloes have higher density than the fiducial objects
from the LCDM run. Thus we can expect that the counter-partners of the LCDM MMH10 have
higher concentrations. To asses this and better understand the density differences between models we
use the well known Navarro, Frenk & White (NFW) profile [92]. This was shown to be a universally
good fit for the majority of ΛCDM haloes. The NFW profile is given as:
ρNFW (R) =
ρ0
(R/Rs)(1 +R/Rs)2
. (4.1)
Here ρ0 and Rs (not to be mistaken with rs - the scalar force screening length parameter) are the
parameters of the density profile fit. The first parameter is the characteristic density and the second
one is the scaling radius. The scaling radius is usually used to define the concentration parameter c200
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Figure 3. The MMH10 density profiles shown separately, together with the best NFW fits.
of a given NFW density profile:
R200 = c200 ·Rs , (4.2)
where R200 is the virial radius of the halo.
The NFW fits to each of the MMH10 density profiles are shown in Figure 3. Each panel in the
figure shows the profile and the fit for the 10 most massive haloes in that simulation run. We find that
the NFW profile is a reasonably good fit for all our massive haloes, with small deviations only for
some models below 0.1 R200. These deviations are not surprising since it is well established that the
NFW profile is poorly describing very massive haloes that, in general, are not that well relaxed [93].
Thus we conclude the universality of CDM halo density profiles even in the presence of a fifth force
with different screening lengths. The parameters of the NFW fits are summarised in Table 2. We find
Table 2. The NFW best fit parameters for MMH10 density profiles.
Model ρ0 Rs/R200 c200
LCDM 6624 0.4343 2.303
B005RS500 7133 0.4111 2.433
B01RS500 5499 0.4988 2.005
B05RS500 16772 0.3008 3.324
B05RS1000 15153 0.3299 3.031
B1RS1000 63885 0.1831 5.463
that the most massive haloes in the ReBEL runs are characterised by higher characteristic densities
and smaller scaling radii which in turn mean higher virial concentrations. We confirm such findings
for all ReBEL MMH10s except the B01RS500 case. For this model the best NFW fit is characterised
actually by lower concentration than the LCDM case.
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Figure 4. The distributions of the virial concentration parameter for all haloes in our ReBEL models. Each
panel shows also the fiducial ΛCDM case for comparison.
We find that the NFW fit is universally good in describing the density profile for the majority of
haloes in the ReBEL runs, not only for the most massive ones. Fitting the density profile with a NFW
function results in a concentration parameter c200 for each halo. This c200 parameter is a measure
of the imprint of the fifth force onto the haloes inner structure. The distribution of the concentration
parameter for each run, for all the haloes, is shown in Figure 4. In each panel, on top of the respective
ReBEL run, we plot with black boxes the distribution obtained from the LCDM run which is the
fiducial case to compare with. The bottom-right panel presents distributions for all runs to allow for
a direct comparison between ReBEL models. We find that the ReBEL haloes are characterised by
broader distributions with higher values of the mean c200 parameter. These findings are summarized
in Table 3.
Table 3. The mean and standard deviation of the c200 distributions when fitting NFW profiles to the whole
halo population.
Model c200 σc200
LCDM 5.9 2.7
B005RS500 6.3 2.7
B01RS500 6.81 2.8
B05RS500 11.32 4.2
B05RS1000 12.15 4.9
B1RS1000 19.24 8.0
Thus, on average, the ReBEL haloes have higher concentrations. This effect is small only when
we consider more realistic models with small β value. For B005RS500 the mean concentration is only
6.7% higher then in the LCDM case. For the B01RS500 model, the deviation reaches already 15.4%.
When we look at the remaining models with β ≥ 0.5 the effects become dramatic with the increase of
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Figure 5. The mass-concentration relation. The median c200 binned in halo mass is plotted for all models. The
shaded region marks the bootstrap error of the median for the ΛCDM case.
the mean concentration c200 from 92% for B05RS500 all the way to 300% for B1RS1000. The mean
concentration for strong fifth force models shows a significant difference from the standard model,
with values that are 2 to 5σ higher than the ΛCDM mean. However the distributions plotted in Figure
4 are dominated by low mass objects, which biases our result to small haloes. We investigate how
these findings change as a function of halo mass in Figure 5. The plot gives the median c200 binned
in halo mass for our models. The figure also shows the 1σ bootstrap error in the determination of the
median for ΛCDM which quantifies how significant is the deviation given our limited halo sample.
It is clearly seen that the median concentration is systematically shifted towards higher values for all
ReBEL models and for all halo masses.
This can potentially mean bad news for the ReBEL cosmology. Such a noticeable increase of
the mean concentration poses additional challenges to the problem of the bright dwarf satellites of
the Milky Way galaxy [94–96]. But we must admit that the full self-consistent quantification of this
problem requires simulations in a bigger box (to obtain a larger sample of Milky Way-like objects)
that additionally must also contain a baryon component with full hydrodynamical solution. Ergo we
will not discuss this problem any more in this work.
Higher concentrations of the ReBEL haloes are the outcome of boosted hierarchical structure
formation in this class of models. This induces earlier formation times for the majority of haloes as
reported by Hellwing et al.[30], which potentially can be desired to solve some of the challenges of
ΛCDM (see the introduction for a discussion of such problems). But this is a double-edged sword
that comes at the price of raised halo concentrations which poses additional difficulties.
4.2 Spin & halo rotation
According to the tidal torque theory the angular momentum of a galaxy/DM halo is growing thanks to
the gravitational tidal interactions between the DM proto-halo and the matter distribution surrounding
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it [97–102]. Thus we can express the angular momentum gained by the halo as
Ji ∝ εijkIjlTlk , (4.3)
where Ijl is the inertia tensor of the proto-halo and Tlk is tidal torque tensor generated by the matter
distribution in the vicinity of the halo. These tidal torque forces are also shaping the characteris-
tic web-like pattern of the matter distribution on large-scale, hence providing a connection between
the angular momenta of DM haloes and the matter distribution on Megaparsec scales. However,
the late-time dynamical evolution imprints non-linear and gasodynamical effects that strongly erase
primordial connection between the matter distributions and angular momenta of DM haloes. In hi-
erarchical structure formation scenarios the highly non-linear processes like tidal stripping, close
encounters and major mergers dominate the growth of the angular momentum at intermediate and
small redshifts (see details in e.g. [103–107]). Nevertheless, knowing that in ReBEL cosmologies
the attractive forces shaping the evolution of DM are enhanced on Megaparsec scales, we expect to
see imprints of the scalar fields in the angular momentum of haloes.
The spin parameter
The angular momentum of a DM halo is commonly parametrised by the dimensionless spin parameter
[98]
λ =
|J ||E|1/2
GM5/2
, (4.4)
where E is the total mechanical energy of the halo, M is its mass, G is Newton’s gravitational con-
stant and J is the total angular momentum. There is another common definition of the dimensionless
spin parameter proposed by Bullock et al. [108]. This second definition is more convenient to imple-
ment computationally and we decided to use it in our study. The Bullock spin parameter is defined
as
λ =
|j|√
2R200Vc
, (4.5)
where
Vc =
(
GM200
R200
)1/2
(4.6)
is the circular orbit velocity at R200 and j is the specific angular momentum of the halo
j =
1
NH
NH∑
i=0
ri × vi . (4.7)
Here the sum covers all particles belonging to a given DM halo 0 ≤ i < NH . Equation (4.6) is correct
for Newtonian gravity, but for ReBEL haloes we have to use the modified circular orbit velocity given
by Eq. (3.2). The spin parameter as defined above measures the rotational support of a halo. High
values of λ corresponds to haloes that are spinning fast, while a low λ indicates a slowly rotating
halo.
Our halo catalogues are dominated by low-mass objects with M200 ≤ 2 × 1010M/h. We
have checked that for these dwarf-like objects the differences in spin parameter distributions between
ΛCDM and ReBEL are very small. The strongest difference was noted for the B05RS500 model, but
that accounted to less than ≈ 5.2% of the mean ΛCDM spin parameter. Therefore in the following
analysis we focus on bigger galaxy-like haloes with M200 > 1011M/h. For this population of
objects the deviations from the fiducial model are more prominent.
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Figure 6. Distributions of the spin parameter λ for our models.
Figure 6 gives the spin parameter distributions for our six simulations. We observe that there
are clear differences between the ΛCDM and ReBEL spin distributions. The fifth force models have
a broadening and flattening of the distribution, with more prominent high and low spin tails. There
also seem to be a shift of the distribution centre towards higher λ values when compared to the
ΛCDM case. Therefore we conclude that haloes in the ReBEL cosmologies have, in a statistical
sense, higher spin values, thus are spinning faster than ΛCDM haloes. We note that the largest devi-
ations from ΛCDM appear for the strongest ReBEL models studied in this work, i.e. for B05RS1000
and B1RS1000. The shift of the spin distribution centres – however noticeable – does not appear to
be large. To check the statistical significance of this effect we use that the spin parameter distribution
in N-body simulations is well approximated by a log-normal function given by
p(λ)dλ =
1
λσ
√
2pi
exp
[
−(lnλ− µ)
2
2σ2
]
dλ , (4.8)
with the centre of the distribution in the range 0.04 < λ < 0.05 [109–113]. The log-normal distribu-
tion has the mean value (i.e. first moment) given by
λ0 = e
µ+ 1
2
σ2 , (4.9)
and the standard deviation as
σλ = e
µ+ 1
2
σ2
√
eσ2 − 1 . (4.10)
In Figure 7 we plot the distributions of the λ parameter and their corresponding best-fit log-
normal functions as given by Eq. (4.8). Each panel shows the spin distribution and log-normal fit for
that given model. The best fit log-normal functions describe reasonably well the underlying distribu-
tions for all models – even for the strongest ReBEL run. The parameters of these fits are presented
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Figure 7. The distributions of the spin parameter accompanied by the fitted log-normal distributions. In each
panel we also give the numerically computed mean value and the standard deviation of the shown distribution.
Table 4. The mean and standard deviation for the best log-normal fit to the spin distributions.
Model λ0 σλ
LCDM 0.0454 0.0392
B005RS500 0.0460 0.0394
B01RS500 0.0459 0.0404
B05RS500 0.0514 0.0458
B05RS1000 0.0495 0.0450
B1RS1000 0.0542 0.0524
in Table 4. The mean λ0 and standard deviation σλ of the log-normal fit are gradually increasing
as we move from ΛCDM to the strongest ReBEL model B1RS1000, in complete agreement with
the qualitative observations we made for Figure 7. The maximum change in λ0 appears between
the ΛCDM model and B1RS1000 and amounts to over 19%. Although this increase in λ0 is not
large, it is accompanied by the more dramatic broadening of the distributions. The increase in σλ
due to the presence of the scalar forces reaches nearly 33% when comparing ΛCDM and B1RS1000.
Therefore, on average, there are more fast rotating haloes in ReBEL than in the standard ΛCDM cos-
mology. This can be a potentially positive effect, as fast rotating DM haloes promote easier thin-disk
spiral galaxy assembly [114, 115].
Earlier studies of the halo spin in ΛCDM N-body simulations found that there is a weak de-
pendence of λ on halo mass [116–118]. The observed dependence shows that more massive haloes
tend to have slightly lower spin parameters. The spin-mass dependence for ΛCDM and ReBEL is
shown in Figure 8 where we plot the median spin parameter as a function of the halo mass. The error
bars, plotted only for the ΛCDM case, represent the first and the last quadrille over the median. For
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Figure 8. The λ−M200 correlation for all our models. The shaded region reflects the error in the determination
of the median λ. For clarity the errors are plotted only for the ΛCDM case.
ΛCDM we observe that there is a marginal dependence on mass of the form λ ∝Mα with the mean
slope α = −0.005. This is in agreement with other halo spin studies [116, 118]. When it comes to
the ReBEL results, we find deviations from the fiducial ΛCDM behaviour. The average spin of low-
mass haloes is affected only very weakly by the modified DM gravity. On the other hand, for massive
objects we observe a strong increase of the mean spin compared to the ΛCDM case. The presence
of a fifth force breaks the weak spin-mass dependence because it affects more strongly the massive
haloes which tend to spin faster than the low mass one. Our simulations are not suited to quantify the
spin-mass relation for ReBEL since we have only few objects at masses M ≥ 1012M/h that give
most of the variation with mass. A detailed analysis of the ReBEL effects on the spin-mass relation
and the spin of cluster-like haloes needs a much better sample of massive objects that can be obtained
only in simulations with a larger volume. Hence we leave this subject for a future study.
It is interesting to note that for all ReBEL models – except the runs with rs = 1000h−1 kpc –
the λmed values approach the ΛCDM limit for M200 > 1013h−1M. Using that the mass of a halo
corresponds to some length scale that is related to the virial radius R200, the above result implies that
the halo spin for objects with large R200/rs ratios is less sensitive to the presence of a fifth force.
These observations agree with the tidal torque theory of halo’s angular momentum and spin. The
scale of the tidal forces shaping the halo spin is related to a halo’s virial radius. Thus for big haloes
the enhancement of forces on scales smaller than it’s radius do not contribute significantly to the
growth of its angular momentum.
4.3 Shapes and geometry
The shape and the geometry of a halo are determined jointly by linear and non-linear processes.
Theoretical predictions are usually constrained to the linear processes influencing the shape of a
DM halo. The high complexity characterising the non-linear phenomena acting within a halo makes
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Figure 9. The distribution of the halo triaxiality parameter T in our six models.
predicting the direct outcome of such processes very difficult. Generally one assumes that three
principal factors are responsible for the shape of an halo:
• the shape and orientation of the primordial density peak from which the halo originated [119–
122],
• the external tidal shear field that shapes the halo [123, 124],
• and the non-linear interactions disturbing the original halo shape, e.g. the violent relaxation
and halo merging [125].
The complex interplay of the above factors determines the final halo shape and geometry. In the
following we check to what extent the presence of additional DM scalar-interactions affects the shape
of the DM halo.
We determine the halo shape approximating its mass distribution to a triaxial ellipsoid. The
halo’s axes of inertia are calculated from the moment of inertia tensor, which we define as:
Iij =
NH∑
n
xixj , (4.11)
where the particle positions xi and xj are with respect to the centre of mass of the halo and the sum
covers all particles that belong to that given halo identified by the AHF. The axes of the ellipsoid are
found using the eigenvalues λi of the inertia tensor via:
a =
√
λ1 ,
b =
√
λ2 , (4.12)
c =
√
λ3 ,
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Figure 10. The distribution of the halo ellipticity parameter e1 (top panel) and e2 (bottom panel) in our six
models.
with a > b > c. As our main measure of the halo shape we use the triaxiality parameter [126]:
T =
a2 − b2
a2 − c2 . (4.13)
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High values of T mark a prolate ellipsoid, while low values correspond to an oblate halo. There are
two additional parameters related to the triaxiality, namely the ellipticity parameters e1 and e2, which
are defined as:
e1 = 1− c
a
and e2 = 1− b
a
. (4.14)
The higher the values of these parameters the less spherical is the ellipsoid’s projection in the planes
of the related semi-axis.
Table 5. The mean and the standard deviations of the shape parameter distributions for all our models.
Model 〈T 〉 σT 〈e1〉 σe1 〈e2〉 σe2
LCDM 0.581 0.211 0.279 0.091 0.156 0.086
B005RS500 0.582 0.211 0.279 0.092 0.156 0.087
B01RS500 0.582 0.212 0.279 0.093 0.157 0.088
B05RS500 0.572 0.216 0.266 0.093 0.148 0.089
B05RS1000 0.564 0.215 0.253 0.094 0.139 0.086
B1RS1000 0.547 0.221 0.239 0.100 0.129 0.091
The distributions of the shape parameters T , e1 and e2 for our whole halo population is shown
in Figures 9 and 10. These figures illustrate that: (i) haloes for models B005RS500 and B01RS500
have distributions of the shape parameters in very good agreement with the ΛCDM case; (ii) on the
other hand remaining ReBEL models with a much higher β parameter show significant departures
from the control sample; (iii) measured differences are stronger for the ellipticity parameters rather
than for the triaxiality. The distributions of the ReBEL shape parameters are shifted towards values
indicating more spherical shapes.
To outline this claim, we collected in Table 5 the mean values of the shape parameters alongside
the distribution scatter σ for all six runs. The values in the table highlight that indeed the distributions
of the shape parameters for models ΛCDM , B005RS500 and B01RS500 are nearly indistinguish-
able. The haloes in the models with stronger scalar forces have shapes noticeably different. For
the strongest model - B1RS1000 - we find mean T lower by 6%, e1 lower by 15% and e2 by 18%
compared to the ΛCDM case. This effect can have pronounced consequence for clusters and the
conundrum of the degree of anisotropy of their velocity dispersions. Due to the limited volume of
the simulation we cannot quantify properly the shape changes for clusters. Nonetheless the more
spherical shapes of ReBEL haloes could indicate that on averaged they are better virialised. This can
be due to the gravity enhancing effect of the scalar interactions that, in turn, promote earlier structure
formation and faster dynamical relaxation.
4.4 Virialisation
To investigate the virialisation state of our haloes we use the the Virial Theorem. A halo is virialised
when:
2K + U = 0 . (4.15)
However the above assumes that a halo is in complete isolation and that all the mass connected
to the halo has been taken into account. The AHF code we use to identify haloes makes a cut at
the outer boundary which corresponds to the radius at which the spherically averaged density is
∆200 = 200 × ρcrit. Particles bound to the halo, but outside this boundary, are not used to compute
the overall kinetic and potential energies. However these particles do affect the virial state of the halo
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Figure 11. The virial ratios for haloes in all models. Panels show results from the ΛCDM (top-left) to
B1RS1000 (bottom-right). In each panel the points show results for individual haloes while the solid black
lines depict the median values computed in each mass bin. Horizontal lines mark the virialisation threshold
V = 1 (the dashed line) and the gravitational bound threshold V = 2 (the dotted line).
and can be accounted for in the form of the pressure term Es. We compute this term for each halo
individually using the method described in[127].
Using Eq. (4.15) we define the virial ratio parameter (now including the pressure term) V ,
which is a measure of the virial state of an object (for a more detailed and elaborate discussion about
a halo’s virial state see e.g. [128]):
V = 2K − Es|U | . (4.16)
The virial ratio approaches unity for a fully virialised halo, it is in range 1 < V ≤ 2 for gravitationally
bound system while V > 2 depicts an unbound object.
The ReBEL gravitational potential (see Eq. (2.18)) suggest that halos with R200  rs have a
gravitational bounding energy larger by factor of 1 + β, effectively lowering the virialisation factor.
However the forces that particles exert on each other are also increased providing to some extent
higher accelerations, thus also higher velocity dispersions. These two effects have opposite contribu-
tions to the virialisation parameter V . Nevertheless we can expect that on average haloes are more
virialised in the ReBEL case.
The virial ratios for both ΛCDM and ReBEL models are presented in Figures 11 and 12. The
former gives in the six panels the virial ratio as defined by Eq. (4.16) as a function of halo mass
for each of our simulation runs. Dots represent the V values for individual haloes while the solid
black lines depict median virial ratio binned in halo mass. Each panel shows two brown horizontal
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Figure 12. Top panel: the median virial ratios for all models binned in halo mass. The error bars represent the
upper and lower quartiles of the sample and are plotted only for the ΛCDM case. Bottom panel: The deviation
∆V = VReBEL/VLCDM of ReBEL virial ratios VReBEL from the ΛCDM case VLCDM .
lines marking the two virial ratio thresholds: a virialised state (the dashed line) and a gravitationally
bounded state (the dotted line). The results presented in the figure clearly underline known effects,
that on average smaller mass haloes tend to be closer to relaxation while massive ones (MH >∼ 1013−
1014h−1M) are less virialised systems. We immediately notice that in all our ReBEL runs the
majority of DM haloes have lower values of the virial state V than haloes in the fiducial ΛCDM run.
This is clearly visible when looking at the lines depicting the averaged virial ratios binned in halo
mass.
To study this effect in more detail we show in the top panel of Figure 12 the median values for
the virial ratios. In the bottom panel of the same figure we plot the relative deviations of this quantity
compared to the ΛCDM case ∆V = VReBEL/VLCDM . Undoubtedly the ReBEL haloes, on average,
are more virialised than their ΛCDM cousins. For models with β ≥ 0.5 the effect is very prominent
and amounts to 30% − 50% lower virial ratios. For the other two weaker fifth force models we find
that the overall virial ratio is very close to the ΛCDM case, although systematically shifted towards
lower values. Figure 12 also illustrates how the screening length affects the virial state of a halo. This
can be seen when comparing the B05RS500 and B05RS1000 runs which have the same strength of
the scalar forces β = 0.5, but differ in the screening length with rs = 500h−1 kpc and respectively
rs = 1000h
−1 kpc. While these two models have the same median virial ratio for objects with
M <∼ 2× 1011 h−1M, the run with a larger rs has the massive haloes in a more virialised state.
5 Conclusions
This work studied the differences between ΛCDM and a specific implementation of exotic physics,
the ReBEL model. The new physics considered here involves long-range fifth-forces between DM
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particles that phenomenologically act as modified gravity. These forces are restricted to scales below
1h−1 Mpc due to the screening of the scalar field mediating this interaction. The ReBEL model
is characterized by two free parameters: the ratio of the scalar to the gravitational force β and the
screening length rs. In this work we analysed five such models with different values of these two
parameters to explore a range of allowed ReBEL cosmologies.
To asses the effects of the fifth force we conducted a series of high resolution N-body simula-
tions that followed the formation and evolution of structure in both the ΛCDM and ReBEL models.
Using the results of these simulations, we have focused our attention on understanding and quanti-
fying how halo internal properties change as a function of the strength of the scalar interaction. We
summarise our findings as follows:
• The density profiles of ReBEL haloes are well described by the NFW profile [92], but with
higher concentrations. The increase in concentration ranges from a few percent for the weak-
est of our fifth-force model up to 300% (5σ away from the ΛCDM mean) for the case with
the strongest scalar interaction. This result puts the high β ReBEL models at odds with current
astronomical observations which favour smaller halo concentrations (e.g. see[129–137]). How-
ever, we must stress out that on this scales there are additional baryonic physics effects, which
we did not include, that can change the picture significantly. Therefore, we need additional
simulations with baryons in order to make a more realistic comparison between ReBEL pre-
dictions for the halo concentration and current observational data.
• The analysis of the halo spins distributions revealed that ReBEL haloes withM200 ≥ 1011 h−1M
are characterised by a higher mean spin λ0 and standard deviations values. This indicates that
DM haloes in fifth force models have higher rotational support and thus they spin faster. On
the other hand, we did not find any significant boost to the spin of the low-mass haloes. The
spin-acquiring mechanism is enhanced by ReBEL forces only in the regime of galaxy and
cluster like haloes. This leads to the breaking of the ΛCDM weak spin-mass dependence, as
the high mass haloes spin faster in ReBEL. The variation of the mean spin with mass is es-
pecially significant for the strongest scalar interaction models that we tested - B05RS100 and
B1RS1000.
• Our studies showed that halo shapes are sensitive to the presence of a fifth force. For strong
ReBEL models we found strong deviations of the triaxiality and especially ellipticity param-
eters from ΛCDM . Haloes in these models tend to be more spherical, which is a direct out-
come of the fact that smaller mass haloes (M200 ≤ 5 × 1011 h−1M) are more virialised in
ReBEL than in ΛCDM . For weak scalar interacting models, β ≤ 0.1, we find that the halo
shape parameters are insensitive to the presence of this additional force.
• The comparison of the halo virialisation state in ΛCDM versus ReBEL showed that the scalar
forces, in average, help haloes attain dynamical relaxation. This effect is only prominent for
strong fifth forces. The models with β ≤ 0.1 showed only a minor virialisation increase and
only for objects considerably smaller than the screening length rs = 500h−1 kpc.
Our findings give an interesting picture for ReBEL and similar fifth-force cosmologies. For the
models in which the fifth force is small compared to gravity, we found that the differences in the mea-
sured halo properties are small. As we increase the strength of the fifth force, most of the halo proper-
ties, both as distributions and as mean values, start to deviate significantly from the ΛCDM case. But
the clear and prominent signature of the scalar force in the DM haloes properties is obtained only for
unrealistic values of the β parameter. Such strong scalar forces are incompatible with the observed
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universe due to noticeably higher power spectrum and two-point correlation function. Moreover, we
underline that the enhanced structure formation produces haloes with higher concentration param-
eters. This affects especially the dwarf halo regime (M200 < 1010 h−1M) which puts ReBEL in
conflict with the observations of the Local Universe, which are already a problem for ΛCDM [94–
96]. However, we must stress that the severe effects seen in the profiles of small-mass ReBEL haloes
do not necessarily trouble other modified gravity models (e.g. [34, 35, 40, 138–140]). Therefore,
these effects may be a specific feature of the ReBEL cosmology where the fifth force is allowed to
act starting with very early times of cosmic evolution.
Our results suggest that ReBEL cosmologies with large values of the β parameter make pre-
dictions that are at odds with current observational data, more so than the standard ΛCDM picture.
The models with weak scalar interactions make similar prediction to the standard scenario and there-
fore it may be difficult to distinguish between the two. The general trend of changes induced by the
ReBEL interactions shows that this class of modified gravity models provides at most a poor fix to the
galaxy-scale challenges of the ΛCDM universe. Thus, we conclude that, in the light of this research,
the ReBEL cosmology is no longer an interesting and appealing modification of the ΛCDM paradigm
as it used to be.
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